ITMD factorization and broadening effects in production of forward
  di-jets by Kutak, Krzysztof
ITMD factorization and broadening effects in
production of forward di-jets
Krzysztof Kutak∗
Instytut Fizyki Jadrowej Polskiej Akademii Nauk
Radzikowskiego 152, 31-342 Krakow
E-mail: krzysztof.kutak@ifj.edu.pl
I report on the recent result of comparison of forward-forward dijet correlations in azimuthal an-
gle as measured by the ATLAS collaboration in the proton-proton and proton-lead collisions to
calculations within ITMD factorization framework [1]. The comparison shows that the broaden-
ing effect due to interplay of both the gluon saturation and the Sudakov resummation is necessary
to describe the data.
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1. Introduction
High energy collisions of protons and heavy nuclei at the Large Hadron Collider (LHC) pro-
vide a unique tool to probe dense systems of quarks and gluons. In particularly interesting are
processes where jets or particles are produced in the forward direction with respect to the incoming
proton. Kinematically, such final states have large rapidities. and therefore they trigger events in
which the partons from the nucleus carry rather small longitudinal momentum fraction x. This kine-
matic setup is perfectly suited to investigate the phenomenon of gluon saturation, which is expected
to occur at some value of x to prevent violation of the unitarity bound (for a review of this subject
see Ref. [2]). In [3] the ATLAS collaboration studied azimuthal correlations of dijets in proton-lead
(p-Pb) and proton-proton (p-p) collisions at the center-of-mass energy
√
sNN = 5.02TeV covering
the forward rapidity region between 2.7− 4.0 units. The measurement indicates sizable nuclear
effects at small values of x. The behaviour of dense systems of partons when x becomes small is
predicted by Quantum Chromodynamics (QCD) and leads to non-linear evolution equations known
as B-JIMWLK equations (for review see [4, 5]), which can be derived within the Color Glass Con-
densate (CGC) theory. In CGC, the calculation of forward jet production in dense-dilute collisions
relies on the hybrid factorization [6], where the large-x projectile is described by the collinear PDFs,
while the dense target according to theoretical results is described with nonlinear equations. The
description of multi-jet production is rather complicated even in this simplified framework [7]. A
novel approach to such processes was initiated in Ref. [8] for dijets in the back-to-back correlation
regime and in Ref. [9] for a more general kinematical configuration. The latter is known as the
small-x Improved Transverse Momentum Dependent (ITMD) factorization. The ITMD formula
accounts for:
• complete kinematics of the scattering process with off-shell gluons,
• gauge invariant definitions of the TMD gluon densities,
• gauge invariant expressions for the off-shell hard matrix elements,
• it also recovers the high energy factorization (aka kT -factorization) [10, 11, 12] in the limit
of large off-shellness of the initial-state gluon from the nucleus.
Recently, the ITMD factorization has been proved [13]. Steps in further extension of the formalism
to three and more jets were undertaken in Ref. [14] and in [15] in the correlation limit. For some of
phenomenological application of the formalizm see [16, 17, 18]. While the original ITMD formula,
as well as the works studying the jet correlation limit within CGC, include gluon saturation effects,
they do not account for all contributions proportional to logarithms of the hard scale set by the large
transverse momenta of jets – the so-called Sudakov logarithms. It has been shown in Refs. [19, 20]
that inclusion of Sudakov logarithms is necessary in order to describe the LHC jet data at small x
but yet before the saturation regime. In the low x domain, the resummation leading to the Sudakov
logarithms has been developed in [21, 22, 23, 24, 25, 26, 27] see also [28]. In the paper [1], it has
been shown for the first time, that the interplay of saturation effects and the resummation of the
Sudakov logarithms is essential to describe the small-x forward-forward di-jet data.
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2. The framework
The process under consideration is the inclusive dijet production
p
(
Pp
)
+A(PA)→ j1(p1)+ j2(p2)+X , (2.1)
where A can be either the lead nucleus, as in p-Pb scattering, or a proton, as in p-p scattering. To
describe the above process, we use the hybrid approach where one assumes that the proton p is a
dilute projectile, whose partons are collinear to the beam and carry momenta p= xpPp. The nucleus
A is probed at a dense state. The jets j1 and j2 originate from hard partons produced in a collision
of the collinear parton a with a gluon belonging to the dense system A. This gluon is off-shell, with
momentum k= xAPA +kT and k2 =−|~kT |2. The ITMD factorization formula for the production of
two jets with momenta p1 and p2, and rapidities y1 and y2, reads
dσpA→ j1 j2+X
d2qTd2kTdy1dy2
= ∑
a,c,d
xp fa/p
(
xp,µ
) 2
∑
i=1
K
(i)
ag∗→cd (qT ,kT ;µ)Φ
(i)
ag→cd (xA,kT ,µ) , (2.2)
The distributions fa/p are the collinear PDFs corresponding to the large-x gluons and quarks in the
projectile. The functions K (i)ag∗→cd are the hard matrix elements constructed from gauge-invariant
off-shell amplitudes [29, 30, 31, 32]. The quantities Φ(i)ag→cd are the TMD gluon distributions in-
troduced in Ref. [9] and parametrize a dense state of the nucleus or the proton in terms of small-x
gluons, see Ref. [33] for an overview. The phase space is parametrized in terms of the final state
rapidities of jets y1,y2, as well as the momenta ~kT = ~p1T + ~p2T , and ~qT = z~p1T − (1− z)~p2T ,
where z= p1·Pp/(p1·Pp + p2·Pp). The azimuthal angle between the final state partons is ∆φ . The
collinear PDFs, hard matrix elements, and the TMD gluon distributions all depend on the factor-
ization/renormalization scale µ . At leading order, the matrix elements depend on µ only through
the strong coupling constant. The collinear PDFs obey the DGLAP evolution when the scale µ
changes. The evolution of the TMD gluon distributions is more involved. Typically, in saturation
physics, one keeps µ fixed at some scale of the order of the saturation scale Qs, and performs the
evolution in x using the B-JIMWLK equation or its mean field approximation – the BK equation. In
the present situation, however, we deal with rather hard jets, thus we have µQs with Qs being in
the perturbative regime Qs ΛQCD. In this kinematic domain, we must account for both |~kT | ∼ µ
and |~kT | ∼ Qs – the first region corresponds to small ∆φ , while the second to ∆φ ∼ pi . In the latter
case, the Sudakov logarithms ln(µ/|~kT |) should be resummed. While the perturbative calculation
of the Sudakov form factors in the saturation domain has been completed in Ref. [21, 22], in the
calculation [19] the Sudakov form factor known from the DGLAP parton showers was used. This
procedure corresponds to performing a DGLAP-type evolution from the scale µ0 ∼ |~kT | to µ . The
TMDs entering the formula (2.2) for lead and for the proton are constructed from a basic dipole
distribution given by the KS gluon density [34] and obtained in [16].
3. Results
Fig. 1 shows normalized cross sections as functions of ∆φ in p-p and p-Pb collisions. The
three panels correspond to three different cuts on the transverse momenta of the two leading jets:
28 < p1T , p2T < 35 GeV, 35 < p1T < 45 and 28 < p2T < 35 GeV, and 35 < p1T , p2T < 45 GeV .
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Figure 1: Broadening of azimuthal decorrelations in p-Pb collisions vs p-p collisions for different sets of
cuts imposed on the jets’ transverse momenta. The plots show normalized cross sections as functions of the
azimuthal distance between the two leading jets, ∆φ . The points show the experimental data [3] for p-p and
p-Pb, where the p-Pb data were shifted by a pedestal, so that the values in the bin ∆φ ∼ pi are the same.
Theoretical calculations are represented by the histograms with uncertainty bands coming from varying the
scale by factors 1/2 and 2. The blue solid and blue dotted lines corresponds to the choices of d=0.5 and
d=0.75, respectively.
Both jets are selected in the forward rapidity region, 2.7 < y1,y2 < 4.0, and they are defined with
the anti-kT jet algorithm with the radius R= 0.4. The points with error bars represent experimental
data from Ref. [3]. It is important to note that the experiment did not measure the cross sections.
The experimental points represent the number of two-jet events normalized to the single jet events,
as a function of ∆φ . The procedure is as follows. For each set of cuts, a pedestal is added to
the p-Pb data, such that the value in the right-most bin (with ∆φ ∼ pi) is the same as for the p-p
data. As seen in Fig. 1, the experimental data presented in this way show broadening of the p-Pb
distribution. Theoretical predictions are shown as the red bands for p-p collisions, and the blue
bands for p-Pb collisions. The Sudakov resummation described earlier has been included in the
predictions. The same normalization value was then used for the p-Pb predictions. The main results
for p-Pb collisions were obtained with d = 0.5 and are represented by blue solid lines in Fig. 1.
To estimate the uncertainty associated with the parameter d, predictions obtained with the choice
d = 0.75 (in blue lines) are shown. In order to confront the theoretical broadening effects we obtain
from theoretical calculations with those observed experimentally, we add a pedestal to p-Pb results,
as determined from the data. In our framework, the broadening comes from the interplay of the
non-linear evolution of the initial state and the Sudakov resummation. One sees that the theoretical
curve describes the shape of the experimental curves well, within the experimental and theoretical
uncertainties, across all the cuts and in the available range of ∆φ . One should emphasize that this
is a highly non-trivial consequence of the two components present in our theoretical framework:
gluon saturation at low x and Sudakov resummation.
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